The wild-type Hamden gypsy moth baculovirus preparation (LDP-67) was subjected to plaque purification in IPLB-LD-652Y cells, resulting in three distinguishable classes of variants, based on the number of polyhedra produced per cell in vitro. Representatives were designated Ld-S (several polyhedra per cell), Ld-F (few polyhedra per cell) and Ld-V (variable numbers of polyhedra per cell). These representative phenotypic variants were compared to the wild-type by restriction enzyme analysis and by bioassay in Lymantria dispar larvae. With all enzymes tested the variants demonstrated restriction site polymorphism. The genome size of the three variants was estimated at 159 to 163 kb. In bioassay trials two of the variants, Ld-V and Ld-S, exhibited LDs0 values approximately 3.9 times lower than the LDso of wild-type virus. The Ld-F variant was not infective in feeding trials. The stability of Ld-S was tested by high multiplicity passage (HMP) in IPLB-LD-652Y cells. By the twentieth undiluted passage (P-20), the in vitro cytopathic effect of this variant was significantly altered. DNA isolated from the P-20 stock exhibited several differences in the restriction endonuclease profile relative to the early passage virus. Genomic alterations were more clearly visualized after plaque purification of the Ld-S (P-20) stock. Four of the five plaques chosen contained what appeared to be two distinct viral populations. One of these populations, which could be isolated by repeated plaque purification, had a restriction enzyme profile identical to the pre-HMP Ld-S variant. The second population, characterized by high Mr BglII bands not present in the Ld-S profile, could never be plaque-purified of submolar amounts of the first population. The possibility that this population represents a defective interfering virus is discussed. The source of additional DNA in the P-20 variants was investigated by probing blots of these variants with labelled total cellular DNA. No specific hybridization to any of the fragments was obtained, suggesting that the P-20 variants arose by rearrangements involving solely viral DNA.
INTRODUCTION
The gypsy moth (£ymantria dispar) is a major pest in the U.S.A. and abroad, causing widespread defoliation of forest and shade trees. One of the biological pesticides under study is a baculovirus, L. dispar multiply embedded nuclear polyhedrosis virus (LdMNPV). This virus is considered an important mortality factor in the natural regulation of the insect and it has been shown to cause the collapse of gypsy moth populations (Glaser, 1915; Podgwaite, 1979) .
Investigations of LdMNPV as a potential biological control agent have involved primarily wild-type geographical virus isolates. Numerous in vivo studies have established data for doseresponse, virulence, and effects of storage on the virus (Lewis et al., 1981) . Early work characterized an isolate from Hamden, Connecticut (LDP-67) as the proposed international standard (Rollinson & Lewis, 1973) , but subsequent work has demonstrated several more virulent isolates (Shapiro et al., 1984) .
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The development of baculoviruses as pesticides has been slowed by a number of factors. Because these viruses have such a narrow host range, it is necessary to utilize individual virus types for each target insect. In addition, use of virus as a pesticide is not yet cost-effective, primarily due to production costs. A third problem involves the genomic instability of these viruses. These large dsDNA viruses have been shown to undergo genomic alterations upon passage in vivo (Potter et al., 1978) , as well as in vitro (Fraser & Hink, 1982; Wood, 1980) . The resulting strains are often less virulent and therefore less effective. Finally, baculoviruses are often very slow acting and infected insects are able to remain active for periods of up to 2 weeks before death. The damage caused by the pest during this incubation period can be significant.
Although it has been suggested that an expanded knowledge of the molecular biology of these viruses may provide a basis for genetic manipulations leading to increased virulence, host range and stability (Vaughn & Dougherty, 1985; Smith et al., 1988) , another approach to the development of more useful viral strains may be through assessment of individual cloned variants. Wild-type baculovirus populations are generally heterogeneous and individual genotypic variants can be isolated in tissue culture by plaque purification. In this study, we have compared several genotypic variants from the wild-type Hamden LdMNPV population for phenotypic expression in vitro, genotypic profiles and biological activity. In addition, the stability of one clone was assessed by repeated passage in tissue culture. These studies were performed in an attempt to identify viral variants whose characteristics might offer a superior alternative to the wild-type population and to evaluate the effects of serial passage in vitro on genotypic and phenotypic stability.
METHODS

Cells and virus.
The cell line employed in this study was the L. dispar ovarian cell subline IPLB-LD-652Y (Goodwin et al., 1978) . These cells were routinely maintained in IPL-52B (KC Biologicals) complete medium as previously described (Goodwin & Adams, 1980) . LdMNPV Hamden Standard K-Rotor poly inclusion bodies (polyhedra) (Rollinson & Lewis, 1973) were used to initiate infection. Non-occluded virus (NOV) inoculum was obtained by bleeding laboratory-infected L. dispar larvae, and collecting the haemolymph in IPL-52B complete medium containing 5 mM-phenylthiourea. This inoculum was used to initiate infection in IPLB-LD-652Y ceils. The resulting infectious supernatant was designated P-1 LdMNPV-Hamden.
Plaque assay. This was run according to the method of Shapiro & Dougherty (1984) . The plaque-picked virus was designated P-2 for each of the clones.
Bioassay. Wild-type and cloned polyhedra stocks were propagated by feeding early third instar L. dispar larvae with pelleted, tissue culture-derived polyhedra and cellular debris. Virus-killed larvae were collected and polyhedra were purified and quantified (McCarthy & Liu, 1976) . All polyhedra used in the bioassay procedure were passaged through insects once in this manner, and all polyhedra stocks were prepared within a period of 2 months.
Bioassays were performed by a modification of the virus-contaminated diet plug method (Lewis et al., 1981) . Each bioassay consisted of 25 third instar larvae per virus dilution, four virus dilutions and three repetitions. Results were reported as LD50 values and 95~ confidence limits calculated by probit analysis (Finney, 1947) .
Viral DNA analysis. DNA was isolated from tissue culture-derived extracellular virus by the procedure of Liibbert & Doerfler (1984) . All restriction enzyme digestions were carried out under the conditions recommended by the supplier (Bethesda Research Laboratories or New England Biolabs). Generally, 0-5 to 1.5 ~tg of DNA was digested with 5 to 10 units of enzyme and electrophoresed in 0-56~ agarose gels at 1-6 V/cm.
High multiplicity passage of cloned variant Ld-S. Eighteen undiluted passages of variant Ld-S were carried out in IPLB-LD-652Y cells. Supernatant (0.5 ml) was removed from an infected T-25 flask and used to initiate high multiplicity infection in a half-confluent flask of cells. After 90 min of adsorption, the contents of the newly infected flask were adjusted to 4 ml with IPL-52B complete medium. At passage (P-20) the virus stock was subjected to plaque purification, as previously described, and five well isolated plaques were picked and designated Ld-S P-20a to e. The DNA was isolated and purified from each of the P-20 plaque variants and from the total P-20 population.
Hybridization probes. Variant Ld-S, Ld-S (P-20) and the plaque-purified P-20 isolates, Ld-S P-20a to e, were digested with BgllI and electrophoresed as previously described. IPLB-LD-652Y total cellular DNA, isolated by the procedure of Blin & Stafford (1976) , was digested with HindlII and included in the gel as a positive control. The resulting digests were blotted onto a GeneScreen membrane (New England Nuclear) by the procedure of Southern (1975) . IPLB-LD-652Y cell DNA was labelled to a specific activity of approx. 107 c.p.m./~tg with [ct-32p]dGTP (ICN Radiochemicals) by nick translation (Rigby et al., 1977) and hybridization to the pretreated membrane was carried out using established procedures (Maniatis et al., 1982) . The reciprocal probe was accomplished by blotting restriction digests of IPLB-LD-652Y cell DNA (10 Isg per digest) onto another GeneScreen membrane, Ld-S P-20b DNA was included as a positive control. Ld-S P-20b was labelled by nick translation and used as a probe in the manner previously described.
RESULTS
Isolation of plaque variants
Nine variants were isolated from the LdMNPV-Hamden wild-type population by double plaque picking and low m.o.i, amplification in T-25 flasks. These variants were then divided into three classes on the basis of the number of polyhedra per nucleus consistently produced in infected cells.
The first class of variants had a typical c.p.e, consistent with that of the wild-type; there was a significant amount of variation in the number of polyhedra produced per nucleus. In the four variants which composed this class, infected cell nuclei generally contained between one and 25 polyhedra, with a mean of about six or seven. A representative variant of this class was chosen for further work and designated Ld-V.
The second class of variants demonstrated a very different c.p.e. Three of the nine variants isolated consistently produced very few polyhedra per cell nucleus. Cells infected with one of these variants generally contained between one and five polyhedra per cell, with a mean of two or three. The representative clone of this class was designated Ld-F.
The final phenotypic class was distinguished by a much higher mean number of polyhedra per cell. Cells infected with either of the two variants of this class generally produced between five and 40 polyhedra per nucleus, with a mean of about 10 to 15. The representative variant of this class was designated Ld-S.
Bioassay of LdMNPV-Hamden and representative cloned variants
In all of the bioassay trials, peak mortality due to virosis was noted between 9 and 14 days post-ingestion. However, the LDs0 values (polyhedra per larva) calculated from these assays varied appreciably (Table 1 ). The wild-type LdMNPV-Hamden had an LDso value of 1071. This LDs0 value was approximately 3.9 times higher than that calculated for the representative variants Ld-V and Ld-S which were 275 and 269, respectively. On the other extreme, no LDso value could be calculated for the representative variant Ld-F because no virus-specific mortality was observed, even at a dose of 84000 polyhedra per larva.
Analysis of the genotypes of LdMNPV-Hamden and the representative variants
Tissue culture-derived NOV was recovered from low m.o.i, passaged P-2 stocks of LdMNPV-Hamden and the three representative plaque-purified variants. DNA was isolated and cleaved with various enzymes. Fig. 1 compares some of the banding profiles of the wild-type virus and the plaqued clones. In each case, it is obvious that the wild-type pattern consists of DNA bands present in various molar ratios, whereas the plaque-purified variants contain fragments in equimolar ratios. From these digests, it is quite obvious that the LdMNPV-Hamden population is heterogeneous, and the variants chosen for this study represent only a HindlII (lane 11). With all enzymes tested, the DNA profiles were similar but different. Obvious differences in banding patterns are noted with the appropriate fragment letter (Table 2 ). In all cases, individual fragments in the clonal populations can be traced back to equivalent fragments in the wild-type DNA population. 10.6 10.7 10.6 13.1 13.1 14.4 14-7 14-4 14.7 10.5 10.5 11.2 12.0 12.0 12.1 10.1 10.7 10.1 9-4 9.4 9-4 10-6 10.6 13-1 12.2 12.2 12.2 8-6 7-1 10-5 12.0 12-0 12-0 9-4 9.4 9.4 9-3 9-3 9-3 9-8 9-8 10-6 9-9 9.9 9-9 7.1 6-0 7-1 7.7 7.7 7-7 9-3 9.4 9-3 8.4 8-4 8-4 9.6 9-6 9.8 7.2 7.2 7.2 6.0 5.8 6.0 3.3 2.7 3-3 8.4 9-3 8.4 8-1 7.0 8.l 8-9 8.9 9.6 6.9 6.7 3.1 5.8 5.3 5.8 2.0 2-0 2.0 8.1 8.4 8-1 7.0 7.0 7.0 4.5 4.5 8.9 3.7 3.7 2-2 5.3 4-1 5-3 1.l 1.21 1.21 7.0 7.0 7.0 6.2 6.2 6.2 3.4 3.4 4.5 2.2 2.2 2.0 4.0 4.15 4.1 6.2 7.0 6.2 5.6 5.6 5-6 2.3 2.3 3-4 2.0 2.0 1.9 4.0 3.9 4-1 5-6 6.2 5.6 4.9 4.9 4-9 1.7 1-7 2.3 1.9 1.9 1.9 3.9
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1.3 1.3 0.6 3.6 3.7 3.6 3. small proportion of the total wild-type population. In the clones where it was possible to isolate DNA from the polyhedra stocks (Ld-V, Ld-S), the DNA fragment profiles of polyhedra-derived DNA were always identical to those from NOV-derived DNA.
The molecular sizes of all of the fragments present in the digests of the three representative variants were calculated from a mobility curve of fragments from restriction endonuclease cleaved 2 phage DNA and the totals for each of the variants fell in the range of 159 to 163 kb (Table 2) .
When Ld-V and Ld-S were cleaved with BgllI, the resulting fragment pattern consisted of single bands in equimolar ratios (Fig. 1 b) . When these variants were cleaved with BgllI and KpnI simultaneously, the only fragment exhibiting change compared to the wild-type isolate was the BgllI D fragment (11-4 kb). This fragment was cleaved into two new fragments of 10.1 and 1.3 kb. These fragment patterns indicate a single KpnI site in the viral genome which is present within the BgllI D fragments of these variants. When variant Ld-F was cleaved with BgllI, the resulting fragment pattern was similar to those of the other variants, but contained doublets of 10.7 and 7.0 kb. This variant lacks the corresponding BgllI D and I fragments of Ld-V and Ld-S. When Ld-F is cleaved by BgllI and KpnI simultaneously, the resulting profile lacks the BgllI A fragment (24.8 kb) and one of the doublet fragments of 10-7 kb. The appearance of 12.7 and 12-1 kb fragments suggests an additional KpnI site within the BgllI A fragment of this variant. The presence of the doublet BgllI fragment of 10.7 kb, and its subsequent cleavage by KpnI into fragments of 9-4 and 1-3 kb, may indicate a deletion of 0.7 kb relative to the homologous BgllI D fragments of Ld-V and Ld-S.
High multiplicity passage of Ld-S
By the twentieth undiluted passage of Ld-S, it was obvious that the cytopathic expression of the virus had been altered. The majority of infected cells exhibited very few polyhedra per nucleus, with many cells showing characteristic viral c.p.e, but no polyhedra. When DNA was isolated from this P-20 stock and cleaved with various restriction enzymes, several obvious differences most easily visualized in the BglII restriction pattern from Ld-S were noted (Fig. 2) .
Several fragments present in the Ld-S genome were represented only as submolar fragments in Ld-S (P-20). In addition, Ld-S (P-20) contained several additional large bands between 12 and 23 kb in various molar ratios.
In order to define further the changes in the genome of Ld-S upon high multiplicity passage (HMP), the Ld-S (P-20) stock was subjected to plaque purification. Five plaque variants were chosen at random and designated Ld-S P-20a to e. Ld-S P-20b and c were distinguished by the relatively low number of polyhedra per nucleus. Ld-S P-20a and e were characterized by a highly variable number of polyhedra per cell, and Ld-S P-20d closely resembled Ld-S in that the majority of cells contained several polyhedra per nucleus.
When D N A was isolated from each of these P-20 plaque variants and compared to Ld-S by BgllI digestion, several alterations were noted (Fig. 2) . Ld-S P-20a and P-20e each contained an additional band of 16.6 and 17-7 kb, respectively. Ld-S P-20b contained two additional bands of 17.7 and 16.0 kb. Ld-S P-20c showed extra bands of 17-7, 7.8 (submolar) and 5.9 kb. In addition, each of these four P-20 variants contained the BgllI D fragment (11-4 kb) of Ld-S in a submolar amount. Ld-S P-20c also contained the BgllI G fragment (9.35 kb) of Ld-S in a submolar ratio.
When Ld-S P-20d was compared to Ld-S, the fragment patterns were identical.
When Ld-S P-20a, b, c and e were cleaved with BgllI and KpnI simultaneously, the resulting patterns demonstrated cleavage of only the submolar 11.4 kb fragment (Ld-S BgllI D) into submolar fragments of 10-1 and 1.3 kb. None of the new fragments present in the P-20 plaque variants was altered. To ensure that the P-20 plaque variants were not cross-contaminated, Ld-S P-20a, b, c and e were subjected to an additional plaque purification. When each of these variants were replaqued, two distinct plaque morphologies resulted for each clone. The first plaque type phenotypically resembled the P-20 variant used as the inoculum. The other plaque type closely resembled Ld-S in that the c.p.e, consisted of many polyhedra per nucleus. In every case, when the DNA was isolated from each of the plaque types and digested with BgllI, the results were identical to the digest profiles in Fig. 2 . The first type always contained a DNA profile which was identical to that of the P-20 variant used in the inoculum. These DNA profiles contained the additional bands characteristic of these HMP variants, as well as the submolar BgllI D fragment. The only exception was Ld-S P-20c, in which the twice plaque purified HMP variant lacked the submolar fragments of 9.35 and 7.8 kb, yet still contained all of the other fragments present in the initial population. The second plaque type, which phenotpically resembled Ld-S, was shown to have a restriction profile identical to Ld-S. When HMP variant Ld-S P-20b was subjected to two additional plaque purifications, results identical to the first purification were obtained. At no point during the course of the plaque purifications was a population ever recovered that contained the additional fragments, characteristic of the HMP variants, that did not also contain submolar amounts of the BgllI D fragment of the Ld-S population. Attempts to separate the two DNA populations present in these HMP variants by CsCI gradient centrifugation or electrophoresis were unsuccessful, presumably due to their relatively similar Mr values.
Attempts to identify the source of additional restriction fragments
When blots containing BgllI digests of the Ld-S P-20 variants were probed with 0t-32p-labelled IPLB-LD-652Y cell DNA, no hybridization to any of the viral fragments was seen. The only hybridization present was to the control DNA lane. In order to rule out the possibility that a low copy number element of the cellular DNA population had been inserted into the viral genomes, the reciprocal blot was performed. Ld-S P-20 was chosen as the hybridization probe because it contained two high Mr fragments not present in the Ld-S BglII profiles. However, when IPLB-LD-652Y cell DNA digests (10 ~tg per lane) were probed with this viral DNA, no hybridization to any of the cellular DNA fragments was seen.
DISCUSSION
Unlike other baculovirus--cell systems, in which the number of polyhedra per cell is generally within a uniform range, the wild-type LdMNPV-IPLB-LD-652Y cell system exhibited a varied cytopathic expression. Individual cloned variants isolated from this heterogeneous population were classified as producing relatively few polyhedra (Ld-F; one to five polyhedra), variable numbers (Ld-V; one to 25 polyhedra) or several (Ld-S; five to 40 polyhedra) per cell nucleus in vitro. With each variant the progression of c.p.e, and the onset of polyhedra formation is temporally similar, yet the number of polyhedra per cell varies. In addition, the percentage of cells exhibiting polyhedra formation with any of the variants never exceeds that seen with a wild-type infection, and a small proportion of cells show an atypical number of polyhedra per nucleus. These last points seem to indicate differences in virus expression within the IPLB-LD-652Y cells, possibly due to the uncloned nature of this cell line.
When DNA was isolated from a representative of each phenotypic class and compared to the wild-type by restriction digestion, it became apparent that the LdMNPV wild-type is genotypically heterogeneous as well. The variants chosen for this study represented only a minor portion of the total variants present, as evidenced by the decreased staining intensities of some of their fragments within the corresponding wild-type digest. In addition, several fragments present in the wild-type digests were not represented in any of the clones. This heterogeneity is typical of the wild-type baculovirus isolates studied to date (Gettig & McCarthy, 1982; Shapiro & Dougherty, 1984; Knell & Summers, 1981; Brown et al., 1985) .
The genome size calculated for the three phenotypic variants ranged from 159 to 163 kb (Mr approx. 109 x 106). Recent studies involving the physical mapping of cloned LdMNPV variants have calculated the genome size at 134-04 kb (McClintock & Dougherty, 1988) I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I Size (kb) Fig. 3 . Physical map of LdMNPV clone g (Smith et al., 1988) . The circular genome has been linearized at the BgllI N/E junction where the BgllI E fragment is placed at the left end because it is the smallest mapped fragment containing the polyhedrin gene. (Smith et al., 1988) . The genotypic variants utilized in this study appear to be closely related, but not identical, to clone g (Fig. 3) of the Ithaca isolate of LdMNPV utilized by Smith et al. (1988) .
For the most part, restriction fragment lengths match up relatively well, and clone g, like Ld-F, contains two KpnI sites within its genome. Double digest information presented here, involving BglII and KpnI, seems to suggest that the orientation of the BglII C and D fragments on the physical map should be reversed. Since the BglII D fragment (11.4 kb) is cleaved by KpnI into fragments of 10.1 and 1.3 kb, this reorientation of the fragments on the map would place the BglII D fragment over the established KpnI site.
Three observations indicate that variant Ld-F is deficient in incorporating intact DNA in occluded virions. First, extremely high numbers of purified Ld-F polyhedra were unable to initiate infection in target larvae. Second, repeated attempts to isolate DNA from polyhedra stocks were unsuccessful, whereas isolation from tissue culture-derived NOV yielded a distinct DNA population. Finally, the polyhedra stock of Ld-F utilized in the bioassay was propagated by dosing larvae with tissue culture-derived polyhedra and cellular debris, suggesting that larval infection was initiated by non-occluded virus present in the cellular debris.
The presence and persistence of a potentially defective variant population characterized by few polyhedra, such as Ld-F, within the wild-type raises some interesting questions. The primary question is whether this variant exists within the wild-type population or whether it rises from recombination during passage in tissue culture. Several investigators have demonstrated the development of defective nuclear polyhedrosis viruses in tissue culture, even under low multiplicity passage (Fraser & Hink, 1982; Hink & Vail, 1973; Potter et al., 1976; Wood, 1980) . However, in the case of Ld-F a plaque variant with identical phenotypic expression and restriction profile was isolated independently from the wild-type at a later date, yet this isolate could also be a replication artefact.
The generation of mutant virus populations by HMP has been demonstrated in other baculovirus systems. In one case (Miller & Miller, 1982) , the genome of a plaque-purified FP (few polyhedra) mutant of Autographa californica nuclear polyhedrosis virus was shown to contain restriction fragments in variable molar ratios. This mutant was demonstrated to be composed of two distinct viral populations, each containing a portion of a host-derived transposable element. In this report we have isolated four HMP variants which also contain restriction fragments in variable ratios. Each of these variants (Ld-S P-20a, b, c and e) also appear to consist of two distinct viral populations. Replaquing of these variants never yielded a population which contained the additional fragments characteristic of these variants, yet lacked the submolar fragments. Also, it was always possible to reisolate the standard (Ld-S) genotype from these variant populations. It appears that plaques which phenotypically resemble the mutant type actually contain both a small amount of the standard virus population and a larger percentage of a virus population which cannot exist without the presence of this 'helper' population.
The ratio of defective to helper populations can be estimated only by comparing the molar ratios of the restriction fragments which appear to be mutually exclusive to each population (additional bands not present in Ld-S, defective; submolar band(s), helper). It is interesting to IP: 54.70.40.11
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Serial passage in vitro of Lymantria dispar NPV 2971 note that in all of the proposed HMP mutants, the percentage of helper virus appears to remain relatively low even on repeated plaque picking. It appears that the expression of this particular genotype is somehow repressed or is at a competitive disadvantage for some limiting factor with the defective population. The definition of a defective interfering virus is one which lacks an essential function, requires a helper virus to complement this missing function, and is able to replicate more efficiently than the helper virus in a mixed infection (Huang & Baltimore, 1978) . It seems possible that except for HMP Ld-S P-20d, the Ld-S P-20a, b, c, d and e mutants reported here meet these criteria.
